Abstract HIV-1 transgenic (Tg) rats, a model for human HIV-1 associated neurocognitive disorder (HAND), show upregulated markers of brain arachidonic acid (AA) metabolism with neuroinflammation after 7 months of age. Since lithium decreases AA metabolism in a rat lipopolysaccharide model of neuroinflammation, and may be useful in HAND, we hypothesized that lithium would dampen upregulated brain AA metabolism in HIV-1 Tg rats. Regional brain AA incorporation coefficients k* and rates J in , markers of AA signaling and metabolism, were measured in 81 brain regions using quantitative autoradiography, after intravenous [1-
Introduction
Human immune deficiency virus-1 (HIV-1)-associated neurocognitive disorders (HAND) have been recently subdivided in three classes depending on the degree of cognitive impairment and associated changes in everyday functioning: asymptomatic neurocognitive impairment, HIV-associated mild neurocognitive disorder, and HIV-associated dementia (HAD) (Antinori et al. 2007) . Neurocognitive dysfunction in patients is considered to be initiated and driven by HIV-1 virus invasion and replication within the brain parenchyma, largely through productive infection of perivascular macrophages and endogenous microglia, and it is associated with neuroinflammation, reduced synaptic and dendritic density, and neuronal loss (Gray et al. 1991; Masliah et al. 1997; Yadav and Collman 2009; Kaul 2009; Bertin et al. 2012) . Despite the great success of highly active anti-retroviral therapy (HAART), drug resistance, toxicity, large HIV-1 genetic variability and inter-subtype circulating recombinant forms, as well as limited penetration of anti-retroviral drugs into the brain, remain concerns for many patients (Schouten et al. 2011; Sigal et al. 2011; Varatharajan and Thomas 2009 ). Since there is no cure or therapeutic vaccine as yet for HIV-1, identifying new drugs and new drug targets could be helpful.
Lithium is approved by the FDA for the prophylaxis and treatment of bipolar disorder, a disease associated with excitotoxicity, neuroinflammation, apoptosis and synaptic loss in brain (McCarthy et al. 2010; Chiu and Chuang 2010; Kim et al. 2010; Rao et al. 2010) . Lithium has been shown to have many neuroprotective activities in experimental animal models. Indeed, lithium pretreatment protected against HIV-glycoprotein (gp) 120-mediated neurotoxicity in mice, while posttreatment with lithium had minimal effects (Everall et al. 2002) . In a mouse model of HIV-1 encephalitis, lithium post-treatment for 7 days protected against HIV-1 neurotoxicity by diminishing neuronal apoptosis and protecting synaptic density (Dou et al. 2005) . Lithium pretreatment for 3 weeks reduced serum and brain interleukin-6 levels and glial fibrillary acidic protein upregulation following lipopolysaccharide (LPS) infusion in mice (Beurel and Jope 2009 ). Lithium for 6 weeks reduced tau phosphorylation and reversed memory impairments induced by LPS in the triple transgenic (Tg)-Alzheimer disease mouse model (Sy et al. 2011) . Additionally, post-insult treatment with lithium ameliorated neurodegeneration and behavioral performance, and suppressed neuroinflammation in a mouse model of traumatic brain injury (Yu et al. 2012) .
Similar to the data obtained in rodents in vivo, small pilot clinical studies suggest that lithium treatment for 10 to 12 weeks is beneficial in HIV-1 infected patients with cognitive impairment (Letendre et al. 2006; Schifitto et al. 2009 ). Randomized trials showed that long-term lithium treatment also improved cognitive and biological outcomes in people with amnestic mild cognitive impairment (Forlenza et al. 2011) , and increased brain-derived neurotrophic factor (BDNF) serum levels in early Alzheimer's disease patients (Leyhe et al. 2009 ). Furthermore, in a large epidemiological study of HIV-1 infected patients, continued lithium treatment was associated with reduction of the rate of dementia to the same level as that for the general population (Kessing et al. 2008) . These results suggest that treatment with lithium may prevent or delay the onset and progression of both HAND and Alzheimer's disease. In this regard, a current clinical trial (NCT01348282) is testing whether lithium reduces neurocognitive impairment in HIV-1 patients (http://clinicaltrials.gov/ ct2/show/NCT01348282?term0lithium+hiv&rank01).
We recently showed that feeding LiCl to rats for 6 weeks, to produce plasma and brain lithium concentrations therapeutically relevant to bipolar disorder, attenuated the upregulated brain arachidonic acid (AA) metabolic cascade in a rat model of neuroinflammation, produced by a 6-day intracerebroventricular infusion of LPS (Basselin et al. , 2007 . During the neuroinflammatory response, phospholipase A 2 (PLA 2 ) enzymes were activated, resulting in AA release from neuronal membrane glycerophospholipids and generation of lipid mediators, including prostaglandins (PG) and thromboxanes (TX). Brain AA signaling and metabolism can be measured in unanesthetized rodents by infusing radiolabeled AA intravenously, quantifying integrated plasma radioactivity, and using quantitative autoradiography to determine regional brain radioactivity, which represents tracer AA incorporated from plasma into membrane phospholipid. A mathematical model is applied to calculate AA incorporation coefficients and rates, k* and J in , respectively (Rapoport 2005; Robinson et al. 1992) . Since the brain AA lost by metabolism cannot be synthesized de novo from 2-carbon fragments, or elongated significantly (< 1 %) from its shorter-chain plasmaderived polyunsaturated precursor, linoleic acid (18:2n-6) (DeMar et al. 2006) , k* and J in represent AA loss from brain following its release from phospholipid. Using this method, we reported that LPS infusion increases k* and J in , markers of AA signaling and metabolism, activities of AA-selective Ca 2+ -dependent cytosolic cPLA 2 and of secretory sPLA 2 , and brain concentrations of unesterified AA, and of its PGE 2 and TXB 2 metabolites. Many of these changes were prevented by lithium (Basselin et al. , 2007 . Moreover, in the same rat model, chronic lithium feeding increased brain levels of 17-hydroxydocosahexaenoic acid, which is a precursor of anti-inflammatory resolvins and neuroprotectins Hong et al. 2003) .
A non-infectious HIV-1 Tg rat has been developed that demonstrates HIV-associated neuropathology and behavioral abnormalities at 7-9 months of age (Peng et al. 2010; Reid et al. 2001) . We reported elevated brain markers of AA metabolism (k* and J in , PLA 2 , PGE 2 ) and of neuroinflammation in association with lower levels of BDNF and of postsynaptic dendriticspine drebrin in this aged HIV-1 Tg rat Rao et al. 2011) . In view of the above clinical and preclinical studies, we hypothesized that feeding lithium for 6 weeks to 8-month-old HIV-1 Tg rats would attenuate the upregulation of their brain AA metabolism. To test this, we used our in vivo fatty acid technique to quantitatively image AA incorporation into the brain of unanesthetized 10-month-old HIV-1 Tg rats and aged-matched wildtype controls, each fed a LiCl or control diet for 6 weeks (Robinson et al. 1992) . Incorporation coefficients k* and rates J in of unesterified circulating AA were determined in 81 brain regions using quantitative autoradiography. Briefly, we found that lithium treatment dampened upregulated brain AA metabolism in HIV-1 Tg rats. An abstract of part of this work has been published (Ramadan et al. 2012 ).
Materials and methods

Animals
Eight-to nine-month-old male HIV-1 Tg rats (n018) derived from Fisher 344/NHsd Sprague-Dawley rats, and agematched parental wildtype inbred Fisher 344/Hsd non-Tg rats (n018) (Harlan, Indianapolis, IN), were housed under a 12 h light/dark cycle with ad libitum access to water, and were fed a Teklad lithium-free global 18 % protein diet, 2018 S (sterilized) for wildtype and 2918 (irradiated) for HIV-1 Tg rats (Harlan). The 2018 diet contained soybean oil but no fishmeal or alfalfa, and had 5 % crude fat by weight. Gas-liquid chromatography showed that fatty acid concentrations in each diet were (as % total fatty acid): 16.7 % saturated, 21.8 % monounsaturated, 54.8 % linoleic, 6.2 % α-linolenic, 0.03 % AA, 0.02 % eicosapentaenoic and 0.06 % docosahexaenoic acids . For lithium treatment, the 2018 and 2918 diets with LiCl addition were customized (Harlan Teklad). Wildtype and HIV-1 Tg rats (n09, each group) were fed with 1.70 g LiCl/kg for 4 weeks, followed by chow containing 2.55 g LiCl/ kg for 2 weeks. This regimen produces plasma and brain lithium concentrations of about 0.7 mM, therapeutically relevant to bipolar disorder (Bosetti et al. 2002b ). NaCl solution (0.45 M) was available ad libitum to the four groups of rats to prevent hyponatremia. Experiments were conducted following the "Guide for the Care and Use of Laboratory Animals" (National Institutes of Health Publication No. 86-23), and were approved by the Animal Care and Use Committee of the Eunice Kennedy Shriver National Institute of Child Health and Human Development. One HIV-1 Tg rat fed lithium died during the surgery, and two others were sacrificed on the day of surgery because they were too sick.
Surgical procedures and tracer infusion
After a rat was anesthetized with 2-3 % isoflurane/O 2 , catheters were inserted into the right femoral artery and vein . The rat was allowed to recover from anesthesia for 3 h in a sound-dampened, temperaturecontrolled chamber with its hindquarters loosely wrapped and taped to a woodblock. During recovery, body temperature was maintained at 37°C with a rectal probe and a feedback heating element (TACT-2DF Temperature controller, Physitemp Instruments, Clifton, NJ). Arterial blood pressure and heart rate were recorded (CyQ 103/302; Cybersense, Nicholasville, KY). [1-
14 C]AA (170 μCi/kg; 49.2 mCi/mmol, > 99 % pure, Moravek Biochemicals, Brea, CA) in 5 mM HEPES buffer (pH 7.4), containing 50 mg/ml fatty acid-free bovine serum albumin, was infused through the femoral vein at a constant rate (5 min, 400 μl/min) using an infusion pump (Harvard Apparatus Model 22, Natick, MA). Fifteen min later, the rat was euthanized with Nembutal® (80 mg/kg, i.v.) and decapitated. The brain was rapidly removed, divided in two hemispheres, frozen in 2-methylbutane at -40°C, and stored at -80°C.
Chemical analysis
Thirteen arterial blood samples (150 μl) were collected before, during and after intravenous [1-
14 C]AA infusion and were centrifuged (30 s, 18,000 g). Total lipids were extracted from plasma (30 μl) with chloroform:methanol (3 ml, 2:1, v/v) and 0.1 M KCl (1.5 ml) (Folch et al. 1957) . Greater than 97 % of plasma radioactivity, as determined in the organic phase (100 μl) by liquid scintillation counting, was [1- 14 C]AA at the end of the 5-min infusion (DeGeorge et al. 1989) . Unlabeled, unesterified fatty acid concentrations were determined in the arterial plasma (100 μl). Total lipids were extracted and separated by thin layer chromatography on 60 silica gel plates, heptane:diethylether:glacial acetic acid (60:40:3, v/v/v). Unesterified fatty acids were scraped from the plates and converted to fatty acid methyl ester derivatives (1 % H 2 SO 4 in methanol, 3 h, 70°C), which then were analyzed by gas chromatography with flame ionization detection and quantified relative to an internal standard, heptadecanoic acid (17:0).
Quantitative autoradiography
Twenty-μm thick brain sections were cut from the left hemisphere and then placed with [
14 C]methylmethacrylate standards (Amersham, Arlington Heights, IL) on Ektascan C/RA film (Eastman Kodak, Rochester, NY) for 5 weeks. Radioactivity (nCi/g wet brain) in 81 anatomically identified regions (Paxinos and Watson 1987) was determined by quantitative densitometry (NIH Image 1.62). Regional AA incorporation coefficients k* (ml/s/g brain) were calculated as (Robinson et al. 1992 14 C]AA infusion. Integrated plasma radioactivity (input function) was determined by trapezoidal integration and used to calculate k* for each experiment.
Regional incorporation rates of unesterified unlabeled AA from plasma into brain, J in (nmol/s/g), were calculated as,
Statistical analyses A two-way ANOVA, comparing diet (LiCl vs. control) with genotype (HIV-1 Tg vs. wildtype) was performed for physiology parameters, the input function, k* and J in using GraphPad Prism (GraphPad Software Inc., La Jolla, CA). If genotype x diet interactions were statistically insignificant, probabilities of main effects of genotype and diet were reported. When the interactions were statistically significant, these probabilities were not reported because they cannot be interpreted clearly (Tabachnick and Fidell 2001) . A one-way ANOVA with Newman-Keuls post-hoc test with correction for 3 comparisons (wildtype rats under LiCl diet vs. wildtype rats under control diet, HIV-1 Tg rats under control diet vs. wildtype rats under control diet, and HIV-1 Tg rats under LiCl diet vs. HIV-1 Tg rats under control diet) was performed. Data are reported as means±SD with statistical significance taken as p≤0.05.
Results
Physiology and arterial plasma radioactivity
Body weight
A two-way ANOVA showed that both genotype and diet had a significant negative main effect without significant interaction on body weight (Table 1) . Wildtype rats on the LiCl diet weighed 21 % (p<0.001) less than those on the control LiCl-free diet. This is consistent with prior data (Basselin et al. , 2007 , and was ascribed to decreased food consumption by 20 %. HIV-1 Tg rats weighed 18 % (p< 0.001) less than wildtype rats consistent with prior data ) and consumed less food (-17 %).
Heart rate
A two-way ANOVA showed a significant genotype x diet interaction on heart rate. Subsequent one-way ANOVA with Newman-Keuls post-hoc tests indicated that HIV-1 Tg rats on LiCl diet had a significantly lower heart rate (-14 %, p0 0.013) compared to rats on control diet (Table 1) .
Blood pressure
A two-way ANOVA showed no significant genotype x diet interaction. However, diet had a significant main effect by decreasing arterial systolic blood pressure by 9 % in HIV-1 Tg and wildtype rats (Table 1) .
Arterial plasma radioactivity
A two-way ANOVA for mean integrated radioactivity in the plasma organic fraction, the input function for determining k* (Eq. 1), showed neither a significant genotype x diet interaction nor main effects of 
Plasma unlabeled unesterified fatty acid concentration
A two-way ANOVA showed a significant genotype effect, which increased the plasma concentration of unesterified AA by 33 % (Table 2) . LiCl diet had a significant main negative effect by decreasing the plasma concentrations of unesterified AA, palmitic, palmitoleic, oleic, linoleic, α-linolenic, and docosahexaenoic acids.
Regional brain AA incorporation coefficients, k*
Baseline
Using an unpaired t-test, we compared baseline regional values of k* for AA between the two genotypes. Baseline k* was significantly higher in 58 of 81 (72 %) brain regions in HIV-1 Tg compared with wildtype rats, each under control diet (Table 3) , consistent with our previous data . 
Genotype and diet
Mean values of k* were determined in each of 81 brain regions in HIV-1 Tg and wildtype rats given control and LiCl diets, and compared using a two-way ANOVA. Statistically significant interactions between genotype (HIV-1 Tg vs. wildtype) and diet (LiCl vs. control diet) were found in 27 regions (27/81033 %), indicating that lithium feeding altered k* values differently in HIV-1 Tg and wildtype rats. In each of the 27 regions, a one-way ANOVA with Newman-Keuls posthoc test showed that HIV-1 Tg rats under control diet showed significant increases (30 %-96 %) in k* compared to wildtype under control diet (Table 3 , Fig. 1 ). Affected regions were prefrontal cortex layers I (57 %) and IV (53 %), primary olfactory cortex (36 %), frontal cortex (10) layers I (54 %) and IV (52 %), frontal cortex (8) layers I (57 %) and IV (59 %), pyriform cortex (43 %), suprachiasmatic nucleus (58 %), olfactory tubercle (37 %), basomedial and basolateral amygdala nuclei (43 %), nucleus accumbens (75 %), lateral and medialseptal nuclei (40 %-43 %), lateral and medial habenular nuclei (32 %-39 %), anteromedial nucleus of the thalamus (53 %), supraoptic nucleus (30 %), hypothalamus [anterior (42 %), periventricular (72 %), ventromedial (36 %)], interpeduncular nucleus (36 %), flocculus (96 %), molecular layer of the cerebellar grey matter (36 %), corpus callosum (45 %), subfornical organ (72 %), and median eminence (40 %). The same one-way ANOVA showed that LiCl feeding for 6 weeks compared to control diet did not change k* significantly in wildtype rats (except for the interpeduncular nucleus), whereas it blocked 19 of the 27 (70 %) increments of k* that were observed in HIV-1 Tg rats under the control diet.
In the 54 of the 81 brain regions where genotype and diet interaction was statistically insignificant, 27 of 54 regions had a significant positive genotype effect. In addition, 6 of the 54 regions had a significant positive LiCl diet effect, indicating that increments in k* following LiCl feeding were equally robust in HIV-1 Tg and wildtype rats. Regions were visual cortex (layers I, IV and VI), gray layer of superior colliculus, pretectal area, and inferior colliculus (Table 3 ).
In conclusion, HIV-1 Tg rats showed elevated k* in 54 (27 with interactions+27 without interactions) of the 81 brain regions analyzed, and lithium feeding for 6 weeks blocked increments in k* in 19 of the 54 regions.
Regional incorporation rates
Rates of incorporation of unlabeled unesterified AA from plasma into brain, J in , (data not shown) were calculated by Eq. 2 from regional k* (Table 3 ) and c plasma for AA (Table 2) . Since the mean plasma unesterified AA concentration was 33 % higher in HIV-1 Tg than wildtype rats under control diet, J in was significantly higher than k* to this extent in the 81 brain regions. A two-way ANOVA showed no statistically significant interaction between genotype and diet in any of the 81 brain regions. However, genotype had a significant main effect in each of the 81 brain regions and lithium diet had a significant negative main effect in 77 of 81 regions. As illustrated in three brain regions (Fig. 2) , J in was increased in HIV-1 Tg rats compared to wildtype rats under control diet and decreased in wildtype rats under LiCl diet. J in values in HIV-1 Tg rats under LiCl diet are similar to those of wildtype rats under control diet. In conclusion, HIV-1 Tg rats showed elevated J in in all 81 brain regions, and lithium feeding for 6 weeks blocked increments in J in in 77 of the 81 regions.
Discussion
The present study shows that a LiCl diet for 6 weeks, sufficient to produce plasma and brain lithium concentrations of nu nucleus, lat lateral, med medial, SLM stratum lacunosum-molecular of the hippocampus k*0(ml/s/g) x 10 -4 . Each value is a mean±S.D. *P<0.05, ** P<0.01, ***P<0.001; one-way ANOVA Newman-Keuls tests, wildtype rats under LiCl diet vs wildtype rats under control diet, HIV-1 Tg rats under control diet vs. wildtype rats under control diet, and HIV-1 Tg rats under LiCl diet vs HIV-1 Tg rats under control diet about 0.7 mM, therapeutically relevant to bipolar disorder, blocked the significant increments in k* (19 of 54 regions) and in J in (77 of 81 regions) observed in 10-month-old HIV-1 Tg rats fed a control diet. To the extent that the upregulated AA signaling in HIV-1 Tg rats has neuropathological consequences, the reported effects of lithium treatment in cognitively dysfunctional HIV-1 patients could be related to downregulation of the brain AA cascade by lithium.
The regional values in k * for AA in wildtype and HIV-1 Tg rats under control diet are consistent with our published values . The elevated values of k* in the HIV-1 Tg rats corresponded to significantly higher incorporation rates J in , the product of k* and plasma unesterified AA concentration, which was elevated by 33 % as previously reported. Of 15 unesterified fatty acids assayed in plasma, only the AA concentration was elevated significantly in HIV-1 Tg rats under control diet, consistent with our previous study . The significant positive effect in wildtype rats of lithium on k* in visual (visual cortex layers I, IV and VI, the grey layer of the superior colliculus) and auditory (inferior colliculus) systems (Brodal 1981 ) also agrees with prior observations (Basselin et al. 2003 (Basselin et al. , 2005a (Basselin et al. , b, 2006 (Basselin et al. , 2007 . The pretectal area, in which k* also was elevated by LiCl feeding, participates in visual-oculomotorauditory circuitry (Clarke et al. 2003) . These effects may underlie lithium's ability to potentiate auditory and visual evoked responses in the human brain (Fenwick and Robertson 1983; Hegerl et al. 1990; Jung and Reme 1994; Pfeilschifter et al. 1988; Ulrich et al. 1990 ). LiCl feeding significantly decreased plasma concentrations of 7 of 8 measured unlabeled unesterified fatty acids, including AA, indicating a widespread effect on whole body fatty Fig. 3 Proposed sites of action of lithium on brain arachidonic acid (AA) cascade (3a) and the cascade as it is upregulated in brain HIV-1 infection (3b). a As illustrated, AA is released from phospholipid following activation of cPLA 2 by a receptor-mediated mechanism. Unesterified AA is a substrate for COX-2 and other oxidative enzymes, and forms PGE 2 and other bioactive products that have cellular actions. Remaining AA is recycled into phospholipid via acyl-CoA synthetase 4 (Acsl4) and an acyltransferase. Based on animal studies and as illustrated, lithium can downregulate the AA cascade by interfering with: NMDA receptor mediated release of Ca 2+ to activate cPLA 2 , transcription of cPLA 2 by the transcription factor activator protein (AP)-2, expression levels of cytosolic cPLA 2 (mRNA, protein and activity), turnover of AA within the deacylation-reacylation cycle, the unesterified brain AA concentration, protein and activity levels of COX-2, and activity of secretory sPLA 2 (not shown). Adapted from Rao et al. (Rao et al. 2008) . b Suggested brain targets related to AA cascade in HIV-1 brain infection. Following entry of circulating macrophages containing the HIV-1 virus into brain via blood brain barrier, the macrophages or released virus infect resident microglia (productive infection) or astrocytes (nonproductive infection), via CD4, CCR5 and other receptors. Released glycoprotein-120 (gp-120) also can activate microglia. Activated microglia release cytokines that bind to astrocytic IL-1β and TNF-α receptors that are coupled to activation of cPLA 2 and sPLA 2 , to initiate the AA cascade by releasing AA from membrane phospholipid (see 3A). Inducible nitric oxide synthetase (iNOS) in activated microglia releases nitric oxide (NO). NO stimulates release of glutamate by presynaptic glutamatergic nerve terminals, and excess glutamate binds to postsynaptic NMDA receptors (NMDAR) to release extracellular Ca 2+ into the neuron, which in turn activates Ca 2+ -dependent cPLA 2 to release AA and increase its conversion to PGE 2 within the AA cascade. Excess glutamate also accumulates in the synaptic cleft because of reduced expression of the astrocytic glutamate reuptake receptor (EEAT2). Lithium's actions, identified by interrupted arrows, are suggested to dampen (-) upregulated AA cascade parameters designated by ↑ in astrocytes and post-synaptic neuronal elements, and to block the NMDAR on post-synaptic membrane (Anthony and Bell 2008; Basselin et al. 2006; Basselin et al. 2010; Basselin et al. 2007; Ramadan et al. 2012; Ramadan et al. 2010; Rao et al. 2011; Luschen et al. 2000; Dinarello 2002; Lane et al. 1996; Marcoli et al. 2006; D'Aversa et al. 2005; Six and Dennis 2000) acid metabolism. This reduction may reflect a liver effect of the lithium. In this regard, lithium decreased total lipids, unesterified fatty acids and triglycerides in the rat liver (Fleischman et al. 1974) ; and circulating unesterified fatty acids are derived by hydrolysis of esterified fatty acids that are secreted by the liver and adipose tissue (Gao et al. 2009; Gibbons et al. 2004; Purdon et al. 1997) . These results are not consistent with other studies using F344/Ducrl rats under a 5001 diet containing alfalfa and fishmeal (Basselin et al. 2007; Chang et al. 1999) . However, in the current study the substrain of rats (F344/NHsd) and the diets (no fish meal, no alfalfa) were different. Unesterified palmitoleic, stearic, AA and docosahexaenoic concentrations in the 2018 diet are lower compared to those in the 5001 diet, while linoleic and α-linolenic acid concentrations are higher Basselin et al. 2011) . Consequently, J in was decreased in wildtype and HIV-1 Tg rats under the LiCl diet in 77 of 81 brain regions, indicating that the regional rate of metabolic AA loss from brain is lower in these animals (DeMar et al. 2006) . We also cannot rule out a decrease in dietary intake caused by lithium, since we showed that lithium feeding decreased food pellet consumption in both wildtype and HIV-1 Tg rats by 20 %. Lithium feeding also causes anorexia (Opitz and Schafer 1976) , decreases exploratory activity, rearing, aggression, and induces conditioned taste aversion (O'Donnell and Gould 2007) . In this study, lithium lowered arterial systolic blood pressure in both genotypes, which may reflect decreased activity of the angiotensin-converting enzyme that plays a role in the regulating blood pressure as well as cardiovascular function (Das and Bhargava 1985) . The reduction of heart rate by lithium in HIV-1 Tg rats may be associated with polyuria resulting in dehydration (O'Kelly et al. 1965) .
The decreases of k* and J in by lithium in many brain regions of HIV-1 Tg rats are consistent with the reported widespread distribution of lithium in rat brain (Bond et al. 1975 ) (after 6 weeks of feeding LiCl, brain and plasma levels are equivalent in the rat (Bosetti et al. 2002b) , and its reported effects in amygdala (Johnson et al. 2009; Foland et al. 2008) , nucleus accumbens (Dzirasa et al. 2010) , suprachiasmatic nucleus (Iwahana et al. 2004) , hypothalamus (Ficek 1982) , and prefrontal and frontal cortex (Montezinho et al. 2007; Rao et al. 2005 ).
Lithium's ability to attenuate increases in k* and J in for AA could have been due to downregulation of cPLA 2 and cyclooxygenase-2 expression, and brain PGE 2 concentration, which are all increased in the HIV-1 Tg rat brain (Chang and Jones 1998; Bosetti et al. 2002a; Rao et al. 2005; Rintala et al. 1999; Rao et al. 2011 ), or to attenuation of brain N-methyl-Daspartate receptor-initiated signaling via AA (Basselin et al. 2006; Ma and Zhang 2003) (Fig. 3) . Lithium also may have inhibited glycogen synthetase kinase-3 beta (Dou et al. 2005; O'Brien et al. 2011; Maggirwar et al. 1999) or interfered with the cyclin-dependent kinase 5 (Wang et al. 2007; Jorda et al. 2005 ). Lithium's blocking of intracellular events is consistent with evidence that it has neuroprotective properties (see Introduction). Indeed, chronic LiCl increased brain BDNF (Fukumoto et al. 2001) , hippocampal neurotrophin-3 (Walz et al. 2008 ) and anti-apoptotic factor B-cell lymphoma-2 (Chen et al. 1999) , and reversed amphetamine-induced downregulation of BDNF and of neurotrophin-3 in rat brain (Walz et al. 2008; Frey et al. 2006) . Given that the HIV-1 Tg rat brain and serum of HIV-1 patients have reduced BDNF (Rao et al. 2011; Avdoshina et al. 2011) , these actions may contribute to lithium's neuroprotective effects in HAND, an HIV-1 neurocognitive-deficient state that is progressive and associated with apoptosis (Kaul et al. 2005 ).
In conclusion, LiCl feeding for 6 weeks dampened upregulation of brain AA metabolic changes that were observed in untreated HIV-1 Tg rats, in which neuroinflammation has been reported. Combined with measurements of brain AA metabolism and neuroinflammation, imaging with labeled AA should help to evaluate effects of anti-inflammatory and other drugs in this transgenic rat model of HIV-1 infection. Furthermore, it now is possible to measure regional brain AA incorporation in humans, using intravenously injected [1-
11 C]AA and positron emission tomography , so that lithium's brain effects in HIV-1 patients might be studied directly. A brain imaging study in Alzheimer disease patients with this method demonstrated increased brain AA incorporation indicative of neuroinflammation (Esposito et al. 2008) .
